Background: Vertebral osteomyelitis (VO) is a rare but serious condition, and a potentially significant cause of morbidity. Methicillin-susceptible Staphylococcus aureus (MSSA) is the most common microorganism in native VO. Long-term administration of parenteral and oral antibiotics with good bioavailability and bone penetration is required for therapy. Use of oral β-lactams against staphylococcal bone and joint infections in adults is not generally recommended, but some experts recommend oral switching with β-lactams. This study aimed to describe the current status of antibiotic therapy and treatment outcomes of oral switching with β-lactams in patients with MSSA VO, and to assess risk factors for treatment failure. Materials and Methods: This retrospective study included adult patients with MSSA VO treated at nine university hospitals in Korea between 2005 and 2014. Treatment failure was defined as infection-related death, microbiological relapse, neurologic deficits, or unplanned surgical procedures. Clinical characteristics and antibiotic therapy in the treatment success and treatment failure groups were compared. Risk factors for treatment failure were identified using the Cox proportional hazards model. Results: A total of 100 patients with MSSA VO were included. All patients were treated, initially or during antibiotic therapy, with one or more parenteral antibiotics. Sixty-nine patients received one or more oral antibiotics. Antibiotic regimens were diverse and durations of parenteral and oral therapy differed, depending on the patient and the hospital. Forty-two patients were treated with parenteral and/or oral β-lactams for a total duration of more than 2 weeks. Compared with patients receiving parenteral β-lactams only, no significant difference in success rates was observed in patients who received oral β-lactams for a relatively long period. Sixteen patients had treatment failure. Old age (adjusted hazard ratio [HR] 5.600, 95% confidence interval [CI] 1.402 -22.372, P = 0.015) and failure to improve C-reactive protein Infect Chemother. 2019 Sep;51(3):284-294 https://doi.
INTRODUCTION
Vertebral osteomyelitis (VO) is a relatively rare infection [1] , but has been reported to have increased in recent years [2] . Without timely and careful management, this disease can have devastating consequences. Staphylococcus aureus is the most common causative microorganism in VO [3] [4] [5] [6] [7] . Methicillin-susceptible strains of S. aureus (MSSA) are still the leading cause of VO, especially in the community setting [3, 8, 9] , although the frequency of methicillinresistant S. aureus (MRSA) has been increasing. VO requires prolonged antibiotic therapy and potential surgical intervention for cure [1] . Surgical intervention should be considered if progressive neurologic deficits, large epidural abscess, significant spinal instability or deformity, intractable back pain, or failure of medical treatment occurs [1] . If uncomplicated, VO can be cured with antibiotic therapy alone [1] .
When treating VO with antibiotics, a total duration of treatment of 4-6 weeks up to 3 months is generally recommended [1] . Prolonged antibiotic therapy is recommended in patients with undrained abscesses or spinal implants [1] . Parenteral administration remains the mainstay of antibiotic therapy, but an early switch to oral administration is appropriate for antibiotics with good bioavailability and bone penetration [1] . Recent practice guidelines recommend a total duration of 6 weeks of parenteral or highly bioavailable oral antibiotic therapy for most adult patients with bacterial native VO [10] .
Choice of oral antibiotics after the initial parenteral therapy for staphylococcal VO is a clinical challenge. Oral β-lactams are not generally recommended for use against staphylococcal bone and joint infections in adults, particularly those with implant retention [11] . However, some experts recommend oral switching with β-lactams in adults with acute osteomyelitis [5, [12] [13] [14] . There is a paucity of evidence regarding oral antibiotic therapy to guide choice, and data on treatment outcomes of oral β-lactams for staphylococcal VO in patients without implant retention are scarce.
The aim of this study was to describe the current status of antibiotic therapy in adult patients with MSSA VO, to characterize treatment outcomes of oral switching with β-lactams, and to assess risk factors for treatment failure.
MATERIALS AND METHODS

Study setting
This retrospective study was conducted at nine university hospitals in Korea, between January 2005 and December 2014. All patients with VO treated during study period were detected according to use of the relevant codes (M46.0 -M46.9) in the ninth or tenth revision of the International Classification of Diseases (ICD 9/10). After reviewing the medical records, adult patients (≥18 years old) with MSSA VO were enrolled in the study. Patients with postoperative wound infections, prior surgery or penetrating trauma, infective endocarditis, infections caused by other microorganisms or unknown etiology, polymicrobial infections, or unknown clinical outcome due to inadequate medical records were excluded. This study protocol (SGPAIK 2016-08-026) was approved by the Institutional Review Board of the hospital, and was exempted from the requirement for informed consent.
Data collection and definition
We collected data on demographics, comorbid conditions, clinical, laboratory, or radiographic findings, culture specimens, biopsy or surgery procedures, antibiotic treatment, and clinical course or outcome. Comorbid conditions at the time of diagnosis included solid tumor, diabetes mellitus, liver cirrhosis, alcoholism, rheumatoid arthritis, end-stage renal disease on renal replacement therapy, immunosuppressive therapy within 30 days, spinal trauma or fracture within 6 months, or prior VO at the same site. Radiographic findings at the time of diagnosis included which part of the spine was involved, presence of involvement of ≥3 vertebral segments, or presence of infectious complications around the spinal column (such as paravertebral extension, psoas abscess, or epidural or meningeal involvements). Paravertebral extension, psoas abscess, epidural or meningeal involvements were defined as the presence of any of the enhancement, phlegmon, or abscess in pararvertebral area, psoas abscess, epidural space, or meninges, respectively, as determined by magnetic resonance imaging, computed tomography, or intraoperative findings [4] .
VO was defined as having symptoms or signs consistent with spinal column infection and one or more positive culture results from samples obtained from the corresponding sites, including pus, surgical or other tissue specimens, or blood. The use of antibiotics to which MSSA isolates were susceptible was considered to be appropriate, whereas the use of antibiotics to which MSSA isolates were not susceptible or use of antibiotics with unknown susceptibility were considered to be inappropriate.
The clinical course included improvement of inflammatory markers, which were defined as 25% or more reduction in C-reactive protein (CRP) or erythrocyte sedimentation rate (ESR) compared with the baseline value, during the period 4 -8 weeks after diagnosis. If no baseline values were available, but follow-up values were, a CRP of <1 mg/dL or ESR of <40 mm/h were considered improved [4] . Clinical outcomes included length of hospital stay, treatment failure, and death. Microbiological failure included infection-related death, microbiologically confirmed relapse with the same or a different organism, development of acute neurological deficits, or having an unplanned surgical procedure with positive intraoperative microbiology [4] . Mechanical failure included undergoing unplanned surgical procedures for purely mechanical reasons (severe pain, spinal instability, or deformity), with negative intraoperative microbiology. If the patient did not have treatment failure within one year after the end of antibiotic therapy, treatment was considered successful.
Microbiological testing
Identification of and antimicrobial susceptibility testing for isolates from the urine and blood were performed with standardized methods at each hospital.
Statistical analysis
We compared the characteristics in the treatment success and treatment failure groups. Dichotomous variables were compared using Pearson's χ 2 or Fisher's exact tests, and their results were presented as the number and proportion. Continuous variables were compared using the Mann-Whitney U or Kruskal-Wallis test, and their results were presented as the median and interquartile range (IQR). To identify risk factors for treatment failure in patients with MSSA VO, all candidate variables that were significant at P-value <0.2 on univariate analysis were analyzed using the Cox proportional hazards model, and results were presented as hazard ratios (HRs) and 95% confidence intervals (CIs). Missing values were imputed using multiple imputation techniques assuming missing at random. The IBM SPSS Statistics 22.0 program (IBM Corp., Armonk, NY, USA) was used for all statistical analyses. A twotailed P-value of <0.05 was considered as indicating statistical significance.
RESULTS
Clinical characteristics of patients with MSSA VO
Of a total of 1,388 patients whose diagnosis corresponded to the codes for VO (M46.0 -M46.9) in the ICD 9/10, 1,288 were excluded; finally, 100 adult patients with MSSA VO were included in the study (Fig. 1) . The clinical characteristics of the patients in the study are shown in Table 1 . Of the 100 patients, 58 were male, and the median age was 67 years (IQR 56 -73). Fifty-three patients had one or more comorbid conditions. Of note was that 32 patients had diabetes mellitus, and 14 had a history of spinal trauma or fracture within the previous 6 months.
The median duration of symptoms before presentation was 7 days (IQR 3 -19), and it was less than 2 weeks in 66% of the patients. Back pain (93%) was the most common symptom at the time of presentation, followed by fever (53%) and neurologic symptoms (41%). At the time of diagnosis, 95 patients showed elevated CRP, 79 elevated ESR, and 66 leukocytosis.
The lumbar spine (76 patients) was the most common site of involvement, followed by the thoracic (27) and cervical spine (10) . At the time of diagnosis, 93% of the patients had one or more infectious complications around the spinal column: paravertebral extension in 52 patients, psoas abscess in 44, epidural involvement in 63, and meningeal involvement in 1.
Antibiotic susceptibility of MSSA isolates
The causative microorganism was isolated from the blood (71 patients) or surgical specimens (46). All 100 MSSA isolates were susceptible to trimethoprim/sulfamethoxazole (100%), followed, in descending order, by rifampicin (99%), clindamycin (97%), ciprofloxacin (96%), erythromycin (93%), tetracycline (93%), and fusidic acid (36%).
Antibiotic therapy for MSSA VO
The median interval from presentation to appropriate antibiotic therapy was 2 days (IQR 0 -6), as shown in Table 1 . The median duration of total appropriate antibiotic therapy was 61 days (IQR 33 -97), with median durations of 36 days (IQR 21 -51) and 20 days (IQR 0 -45), respectively, for parenteral and oral antibiotic therapy. During antibiotic therapy, the median number of antibiotics given to each patient was 3.5 (IQR 2-5). All 100 patients were treated, initially or during antibiotic treatment, with one or more parenteral antibiotics ( Table 2) . Sixty-nine patients received one or more oral antibiotics; in these 69 patients, the median durations of parenteral and oral antibiotic therapy were 38 days (IQR 28 -50) and 40 days (IQR 28 -66), respectively. The most commonly used antibiotics for oral switch therapy were first-generation cephalosporins (30 patients); in these patients, the median durations of parenteral and oral antibiotic therapy were 37 days (IQR 28 -52) and 43 days (IQR 29 -62), respectively. A wide range of combinations of parenteral and oral antibiotics was given to the study patients; antibiotic regimens were diverse, and durations of parenteral and oral therapy were different, depending on the patient and the hospital.
Treatment outcomes in patients with MSSA VO
The median interval from discontinuation of antibiotic therapy to the end of follow-up was 152 days (IQR 41 -694). The median length of hospital stay was 45 days (IQR 30 -66). The follow-up CRP was improved in 66 patients, while the follow-up ESR was improved in only 45 patients. Surgery, in combination with antibiotic therapy, was performed in 63 patients, of whom 15 ( (23), carbapenems (9) , clindamycin (7), first-generation cephalosporins + fluoroquinolones (6), fourth-generation cephalosporins (5), penicillinase-resistant penicillins + fluoroquinolones (3), fluoroquinolones (3), second-generation cephalosporins (3), glycopeptides + carbapenems (2), first-generation cephalosporins + aminoglycosides (1), first-generation cephalosporins + carbapenems (1), glycopeptides + penicillins/β-lactamase inhibitors (1), glycopeptides + fluoroquinolones (1), macrolides (1), penicillins/β-lactamase inhibitors + rifampicin (1), fluoroquinolones + aminoglycosides (1) First-generation cephalosporins (31), penicillins/βlactamase inhibitors (15) , fluoroquinolones + rifampicin (6), fluoroquinolones (5), second-generation cephalosporins (4), clindamycin (4), first-generation cephalosporins + fluoroquinolones (3), first-generation cephalosporins + rifampicin (2), trimethoprim-sulfamethoxazole (2), fusidic acid (1), fluoroquinolones + clindamycin (1) a Total number of antibiotics used might be over 100 because one or more antibiotics were used in each patient. microbiological failure and 3 mechanical failure. Eleven patients died, and 8 (72.7%) of these deaths were related to MSSA VO.
Risk factors for treatment failure in patients with MSSA VO
Using variables that were significant at P-value <0.2, the Cox proportional hazards model demonstrated that old age (adjusted HR 5.600, 95% CI 1.402 -22.372, P = 0.015) and failure of improvement in CRP at follow-up (adjusted HR 3.388, 95% CI 1.168 -9.829, P = 0.025) were independent risk factors for treatment failure in patients with MSSA VO ( Table 3 ).
Antibiotic therapy with parenteral and/or oral β-lactams
Of the study patients with MSSA VO, 42 were treated with parenteral and/or oral β-lactams, including first-generation cephalosporins, penicillinase-resistant penicillins, and penicillins/ β-lactamase inhibitors, for a total duration of more than 2 weeks ( Table 4 ). Only 13 patients were treated with parenteral antibiotics, including β-lactams, for the whole period. In contrast, only 5 patients were treated with parenteral β-lactams for less than 2 weeks and oral β-lactams for the remaining total period of antibiotic therapy (group I in Table 4 ).
Compared with patients who received only parenteral β-lactams, no significant difference in success rate was observed in patients who received oral β-lactams for a relatively long period (groups I and II). The longer the duration of total antibiotic therapy with β-lactams, the lower the treatment success rates; this difference was not statistically significant. Of the 11 patients who received longer parenteral and oral β-lactam therapy (group III), 3 showed treatment failure. These 3 cases were complicated: they were elderly, had a long duration of symptoms before admission, neurologic symptoms, paravertebral or epidural abscess at the time of presentation, or a short duration of antibiotic therapy. 168-9 .829) 0.025 HR, hazard ratio; CI, confidence interval; CRP, C-reactive protein. 
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DISCUSSION
A wide range of combinations of parenteral and oral antibiotics were given to the study patients. Among 42 patients treated with parenteral and/or oral β-lactams for a total duration of more than 2 weeks, no significant difference in success rate was observed in those receiving oral β-lactams compared with patients receiving parenteral β-lactams only. Treatment failure was observed in 16% of the study patients, and was significantly associated with old age and no improvement in CRP at follow-up.
A high prevalence of infectious complications at the time of diagnosis was found: 93% of patients with MSSA VO showed one or more infectious complications, including paravertebral involvement in 52%, psoas abscess in 44%, and epidural involvement in 63%. Of note is that paravertebral involvement was more common in the treatment failure group than in the treatment success group. The rate of infectious complications was comparable to that found in other studies of bacterial VO [4, 15] . Consistent with the findings of a previous study of VO [15] , our study showed that VO caused by S. aureus is associated with a higher rate of complications. The reason for the high prevalence of infectious complications at the time of diagnosis in this study seems to be the high virulence of S. aureus.
In this study, 63% of patients with MSSA VO underwent surgery. The high rate of surgical procedures in this study seems to be due to the fact that many patients had neurologic symptoms and infectious complications around the spinal column at the time of diagnosis. These factors might also affect length of hospital stay and duration of antibiotic therapy; however, no statistically significant difference in these was found between the treatment success and treatment failure groups.
It has been found that S. aureus might be associated with a higher rate of treatment failure in patients with bacterial VO [4] . In a cohort study including 260 patients with bacterial VO, in 71 (27.3%) of whom treatment failed, S. aureus and duration of symptoms before diagnosis were identified as risk factors for treatment failure [4] . In that study, MRSA infection did not have a worse outcome compared with MSSA infection. Other studies showed that adverse outcomes in patients with VO are associated with persistent or progressive pain, neurologic deficits, systemic symptoms of infection, delayed diagnosis, undrained or partially drained large epidural abscess, end-stage renal disease, MRSA infections, persistently elevated inflammatory markers, or recurrent bacteremia [9, 10, [16] [17] [18] .
Antibiotic therapy of long duration is generally recommended for the treatment of bacterial VO. In our patients with MSSA VO, the median duration of total antibiotic therapy was 61 days (IQR 33 -97). Sixty-nine per cent of our patients received oral antibiotic therapy after parenteral antibiotic therapy. The duration of total antibiotic therapy in the treatment success and failure groups showed no statistically significant difference. In a cohort of 255 patients with bacterial VO who received parenteral antibiotic therapy for a median duration of 42 days (IQR 38 -53), plus adjunctive oral antibiotic therapy for a median duration of 41 days (IQR 26 -60) in 31% [4] , there was no significant difference in treatment failure rates between those receiving oral antibiotic therapy and those who did not (20% vs. 20%; P = 0.87). There are no data from randomized, controlled trials to guide decisions about specific antibiotic regimens or the duration of therapy for VO [10] . According to the recent practice guidelines, a total duration of 6 weeks of antibiotic therapy is recommended for adult patients with bacterial VO when not associated with implants [10] . A recent prospective randomized trial revealed that 6-week therapy is not inferior to 12-week therapy for bacterial VO [8] .
Parenteral antibiotic therapy is still the standard treatment for VO, but can be switched to oral antibiotics with high bioavailability. However, data on oral antibiotic therapy for bone and joint infections in adults are lacking. The recent practice guidelines recommend that oral β-lactams should not be prescribed for the "initial" treatment of native VO, given their low bioavailability [10] . Non-β-lactams such as linezolid, levofloxacin plus rifampin, or clindamycin can be used for oral switch therapy for native VO in adults [10] . Oral β-lactams have been widely used in children with acute hematogenous osteomyelitis [19] [20] [21] . In contrast, oral therapy with β-lactams is generally not recommended in adults with staphylococcal osteoarticular infections; mostly parenteral administration of β-lactams, if needed, is used.
According to the national guidelines in Korea, parenteral β-lactams including nafcillin or cefazolin should be administrated to treat osteomyelitis caused by MSSA, but oral firstgeneration cephalosporins such as cefadroxil, cephalexin, and cephradine are generally not recommended [22] . However, some experts recommend oral switching with β-lactams in adults with acute osteomyelitis [5, [12] [13] [14] . In this study, we found that of 69 patients with a switch from parenteral to oral antibiotics, 52 (75.4%) received oral β-lactam monotherapy for treatment of MSSA VO. Compared with patients receiving parenteral β-lactams only, no significant difference in success rate was observed in those who received oral β-lactams for a relatively long period, as shown in Table 4 . Based on the findings of this study, and in contrast to previous thoughts on this matter, we can say that switching to oral β-lactams may be safe in certain adult patients with MSSA VO. Since limited oral agents are available for the treatment of staphylococcal osteomyelitis, including native VO, whether oral β-lactams can be used for the treatment of VO in adults remains to be elucidated.
The present study has some limitations. First of all, antibiotic therapy at each study hospital was not controlled, although only acute VO cases were included. Because the number of patients included in the study was relatively small, whereas a large number of antibiotics was used and duration of antibiotic therapy varied, the clinical outcome of MSSA VO could not be evaluated according to the antibiotic classes or regimens. This kind of difficulty in classifying antibiotic therapy, especially with oral antibiotics, has often been found in retrospective studies of VO [3] [4] [5] [6] 23] . Mostly, efficacy based on the type of oral antibiotic regimens was not described at all or was poorly described [3] [4] [5] [6] 23] . To overcome these problems, a standardized protocol for treatment of VO should be used at each hospital, and large-scale prospective studies need to be carried out. Second, this study was retrospective in nature, so we could not evaluate details of the clinical course of MSSA VO. Third, since we screened the electronic databases of hospital information systems and searched for MSSA VO cases at each hospital, a certain number of culture-negative cases were excluded. If patients were referred from primary care clinics or other hospitals where antibiotics had already been prescribed, the results of bacterial cultures performed at the study hospitals were likely to be negative. Finally, follow-up periods after discontinuation of antibiotic therapy varied, depending on the patient. Therefore, rates of treatment success might not be sufficiently valid.
In summary, we revealed the current status of antibiotic therapy for MSSA VO in Korea. No significant difference in treatment success rate was observed in patients who received oral β-lactams for a relatively long period, compared with patients who received parenteral β-lactams only. Based on the findings of this study, we think that switching to oral β-lactams may be safe in certain adult patients with MSSA VO. Since limited data are available on the efficacy of oral antibiotics for the treatment of staphylococcal VO in adults, we think that further evaluation of the role of oral switch therapy with β-lactams in adults with osteomyelitis is needed, so that more evidence-based conclusions may be developed in the future.
